Zhang X, Yang D, Hughes BA. KCNQ5/Kv7.5 potassium channel expression and subcellular localization in primate retinal pigment epithelium and neural retina. Am J Physiol Cell Physiol 301: C1017-C1026, 2011. First published July 27, 2011; doi:10.1152/ajpcell.00185.2011.-Previous studies identified in retinal pigment epithelial (RPE) cells an M-type K ϩ current, which in many other cell types is mediated by channels encoded by KCNQ genes. The aim of this study was to assess the expression of KCNQ genes in the monkey RPE and neural retina. Application of the specific KCNQ channel blocker XE991 eliminated the M-type current in freshly isolated monkey RPE cells, indicating that KCNQ subunits contribute to the underlying channels. RT-PCR analysis revealed the expression of KCNQ1, KCNQ4, and KCNQ5 transcripts in the RPE and all five KCNQ transcripts in the neural retina. At the protein level, KCNQ5 was detected in the RPE, whereas both KCNQ4 and KCNQ5 were found in neural retina. In situ hybridization in frozen monkey retinal sections revealed KCNQ5 gene expression in the ganglion cell layer and the inner and outer nuclear layers of the neural retina, but results in the RPE were inconclusive due to the presence of melanin. Immunohistochemistry revealed KCNQ5 in the inner and outer plexiform layers, in cone and rod photoreceptor inner segments, and near the basal membrane of the RPE. The data suggest that KCNQ5 channels contribute to the RPE basal membrane K ϩ conductance and, thus, likely play an important role in active K ϩ absorption. The distribution of KCNQ5 in neural retina suggests that these channels may function in the shaping of the photoresponses of cone and rod photoreceptors and the processing of visual information by retinal neurons. ion channels; patch clamp; M-type current; photoreceptors PATCH-CLAMP STUDIES on freshly isolated retinal pigment epithelial (RPE) cells from human (14, 47), monkey (47), and bovine retina (43) have demonstrated a sustained outwardly rectifying K ϩ current that is relatively insensitive to block by tetraethylammonium (TEA). This current activates at voltages positive to about Ϫ60 mV and, thus, contributes to the resting membrane potential. The kinetics and voltage dependence of this current (43) resemble those of the neuronal M-current, which was first described by Brown and colleagues as a neuronal K ϩ current in frog sympathetic ganglion cells that is suppressed by the stimulation of muscarinic acetylcholine receptors (5, 7). In the past decade, it has been well established that many M-type currents are mediated by members of the KCNQ (K v 7) gene family (6, 38). The molecular correlates and function of the channel underlying the M-type current in RPE, however, remain unknown and need to be clarified.
PATCH-CLAMP STUDIES on freshly isolated retinal pigment epithelial (RPE) cells from human (14, 47) , monkey (47) , and bovine retina (43) have demonstrated a sustained outwardly rectifying K ϩ current that is relatively insensitive to block by tetraethylammonium (TEA). This current activates at voltages positive to about Ϫ60 mV and, thus, contributes to the resting membrane potential. The kinetics and voltage dependence of this current (43) resemble those of the neuronal M-current, which was first described by Brown and colleagues as a neuronal K ϩ current in frog sympathetic ganglion cells that is suppressed by the stimulation of muscarinic acetylcholine receptors (5, 7) . In the past decade, it has been well established that many M-type currents are mediated by members of the KCNQ (K v 7) gene family (6, 38) . The molecular correlates and function of the channel underlying the M-type current in RPE, however, remain unknown and need to be clarified.
The five members of the KCNQ gene family that have been identified to date encode six-transmembrane domain-spanning proteins. KCNQ/K v 7 channels are formed by the assembly of four identical KCNQ ␣-subunits or the coassembly of different KCNQ proteins (17, 38) . The functional properties of KCNQ channels are altered by their coassembly with various smaller accessory ␤-subunits from the KCNE family, termed KCNE1-5 (38) , and are modulated by multiple signaling pathways. For example, phosphorylation of KCNQ3, KCNQ4, and KCNQ5 by Src tyrosine kinase causes channel inhibition (11) , and calmodulin confers Ca 2ϩ sensitivity to KCNQ2, KCNQ4, and KCNQ5 channels (10) .
Although KCNQ1 contributes to the K ϩ conductance in some epithelia (40) , the expression of KCNQ2-5 is generally associated with excitable cells (38) . Recent studies, however, have described the expression of members of the KCNQ family in a variety of other tissues, suggesting that these channels may have wider physiological roles than has been previously thought (33) . Mutations in KCNQ1-4 underlie inherited cardiac arrhythmias (in some cases associated with deafness) (35, 46) , neonatal epilepsy (41) , and dominant progressive hearing loss (23) . To date, KCNQ5 mutations are not known to be associated with human disease. KCNQ4 was cloned from a human retina cDNA library (23) , and KCNQ4 splice variants have been detected in rat retina by PCR analysis (4) . Little else is known about the expression and function of KCNQ channels in the retina.
To clarify the molecular basis of the M-type current in the RPE, we assessed the expression of KCNQ subunits in native monkey RPE. We found that, although KCNQ1, KCNQ4, and KCNQ5 transcripts are expressed in primate RPE, only KCNQ5 could be detected at the protein level. Transcripts for all five KCNQ subunits as well as KCNQ4 and KCNQ5 proteins were detected in neural retina. In addition, we detected KCNQ5 immunoreactivity near the RPE basal membrane as well as in rod and cone photoreceptor inner segments and elsewhere in the neural retina. The results suggest that KCNQ5 subunits contribute to M-type channels in the RPE basolateral membrane, where they likely participate in the transport of K ϩ from the retina to the choroid. KCNQ5 subunits may also contribute to voltage-gated K ϩ channels in the inner segments of rod and cone photoreceptors and in retinal neurons.
MATERIALS AND METHODS

Preparation of Monkey RPE and Neural Retina
Monkey tissues were prepared as described previously (52) . All animal procedures were in accordance with the Association for Research in Vision and Ophthalmology (ARVO) "Statement for the Use of Animals in Ophthalmic and Visual Research." Monkey (Macaca fascicularis or M. mulatta) eyes, skeletal muscle, and heart were obtained from National Primate Centers or Lonza (Walkersville, MD) at necropsy from protocols not related to the present studies. Tissues were transported in CO 2-independent medium on wet ice and processed within 36 h of being harvested. The globes were hemisected by a circumferential incision around the pars plana, and the anterior segment, lens, and vitreous were removed. After the neural retina was gently peeled away, RPE sheets were isolated from eyecups following incubation at 37°C with 1% dispase for 30 to 60 min as described previously (50) . Tissues were snap frozen and stored at Ϫ80°C until use. For electrophysiology experiments, RPE cells were isolated enzymatically from pieces of fresh RPE-choroid using papain as described previously (14) .
RT-PCR
Total RNA was prepared from RPE sheets and neural retina as described previously (51) and used for conventional reverse transcription polymerase chain reaction (RT-PCR) analysis. PCR was performed with primers specific for human (h)KCNQ1-5 and GAPDH (Table 1) . PCR products were obtained by cycling 40 times (35 times for GAPDH) as follows: 1 min at 94°C, 1 min at 50 -53°C, 1 min at 72°C, followed by a 7-min extension at 72°C. The PCR products were separated by 1.4% agarose gel electrophoresis. RPE samples were tested for retinal contamination using primers specific for rhodopsin (Table 1) .
In Situ Hybridization
In situ hybridization to frozen monkey retinal sections was carried out using digoxigenin-labeled cRNA probes prepared as follows. A 1.1-kb PCR product of KCNQ5 was generated from monkey retinal cDNA samples using hKCNQ5-specific primers (forward: 5=-CAC AAA ATT GGC CTC AAG TTG-3=; reverse: 5=-CAT CAC ACT GGC ATC CTT TTT CAT-3=) and cloned to pGEM-T vector (Promega, Madison, WI). The KCNQ5 insert sequence (nucleotides 803-1,845) was compared with published human KCNQ5_v2 sequence (NM_001160130). Digoxigenin-labeled antisense and sense riboprobes were synthesized using SP6 and T7 polymerase and a DIG RNA labeling kit (SP6/T7) (Roche Applied Science, Indianapolis, IN). Riboprobes were hybridized to retinal sections under moderately stringent conditions (55°C). Sections were incubated in staining buffer containing 2 l/ml NBT/BCIP (Roche Diagnostics, Indianapolis, IN), 100 mM Tris-Cl (pH 9.5), 100 mM NaCl, and 50 mM MgCl 2 at room temperature in the dark and checked periodically to evaluate the development of the alkaline phosphatase enzyme reaction. The reaction was stopped when the appropriate level of staining was achieved by rinsing sections in 0.1 M Tris-Cl (pH 8.0).
Transfection
Chinese hamster ovary (CHO-M1WT3) and human embryonic kidney (HEK 293T) cell lines (both from American Type Culture Collection, Manassas, VA) were cultured according to the manufacturer's instructions. CHO-M1WT3 cells were transfected with the expression constructs pCMV6-XL5/KCNQ4 transcript variant 1 (GenBank accession no. NM_004700.2) or pCMV6-XL5/KCNQ4 transcript variant 2 (GenBank accession no. NM_172163.1) (both from OriGene Technologies) using Fugene6 Transfection Reagent (Roche Diagnostics), according to the manufacturer's protocol. HEK 293T cells were transfected with pCMV6-XL4/KCNQ5 transcript variant 1 (GenBank accession no. NM_019842.2) (OriGene Technologies) using the method mentioned above. Whole cell extracts were prepared for Western blot analysis 72 h after transfection. Protein concentrations were determined by the Bio-Rad protein assay based on the method of Bradford (Bio-Rad, Hercules, CA).
Preparation of Monkey Heart, Skeletal Muscle, and RPE Plasma Membrane, and Neural Retina Crude Membrane Proteins
All protein procedures were performed at 4°C. Monkey heart and skeletal muscle plasma membranes were isolated according to methods previously published (9, 45) . Membranes were stored at Ϫ80°C until use. 
*Primers for splice variants.
The plasma membranes of monkey RPE were isolated as previously described (27) with some modifications. Briefly, RPE sheets from 30 monkey eyes were homogenized in 100 ml of 0.25 M sucrose plus homogenizing buffer [0.025 M Tris-acetate pH 7.0, 1 mM EDTA, 1 mM 2-mercaptoethanol, and complete protease inhibitor cocktail (Pierce, Rockford, IL)] and then centrifuged at 27,000 g for 20 min. The supernatant was then centrifuged at 150,000 g for 1 h. The resulting pellet, homogenized in 5 ml of 57% sucrose containing homogenizing buffer, was placed at the bottom of clear tube and overlaid with 5 ml of 34% sucrose and 5 ml of 8.5% sucrose in homogenizing buffer. The sucrose gradient was centrifuged for 20 h at 75,500 g. Two fractions between the 8.5% and 57% overlayers were collected, diluted with homogenizing buffer, and centrifuged again at 150,000 g for 1 h. The pellets were resuspended with 200 l of homogenizing buffer and stored at Ϫ80°C until use.
Crude membranes of monkey neural retina were prepared as previously described with slight modifications (42) . Three frozen monkey neural retinas were homogenized in 10 ml homogenizing buffer (20 mM Tris-Cl pH 7.4, 1 mM EDTA, 50 mM NaCl, 1 mM 2-mercaptoethanol, and complete protease inhibitor cocktail). Cell debris and nuclei were removed by centrifugation at 1,000 g for 15 min. The supernatant was separated into a soluble fraction and crude membrane protein pellet by centrifugation at 100,000 g for 30 min. The crude neural retina membrane protein pellet was suspended with 350 l of homogenizing buffer, the protein concentration was determined, and the pellet was stored at Ϫ80°C until use.
Antibodies
Primary antibodies used in this study are listed in Table 2 . Secondary antibodies used include donkey anti-mouse IgG-horseradish peroxidase (HRP; catalog no. sc-2314) and donkey anti-rabbit IgG-HRP (catalog no. sc-2313) from Santa Cruz Biotechnology (Santa Cruz, CA) and Alexa Fluor488 goat anti-rabbit (HϩL) and Alexa Fluor555 goat anti-mouse (HϩL) from Invitrogen (Camarillo, CA).
Western Blot Analysis
Western blot analysis was performed using the techniques described previously (54) with minor modifications. Briefly, proteins were mixed in Laemmli sample buffer [62.5 mM Tris (pH 6.8), 25% glycerol, 2% SDS, 0.01% bromophenol blue, and 5% 2-mercaptoethanol; Bio-Rad] at room temperature for 20 min and centrifuged at 20,000 g for 10 min. Proteins (10 -20 g) were applied to a 4% to 20% linear gradient Tris·HCl gel (Bio-Rad). After electrophoresis, proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) at a constant current of 350 mA for 90 min at 4°C in a solution containing 25 mM Tris, 193 mM glycine, and 10% methanol. The membrane was then incubated at room temperature first with Tris-buffered saline containing 5% nonfat dried milk and 0.1% Tween 20 and then with primary antibodies at working dilutions of 1:1,000 (anti-Na-K-ATPase, anti-CD29), 1:500 (anti-KCNQ1, anti-KCNQ4), or 1:750 (anti-KCNQ5). Immune complexes were detected with HRP-conjugated secondary antibodies at a dilution of 1:2,500 and enhanced with chemiluminescent substrate (Pierce). In experiments testing antibody specificity, antibodies plus 20-fold excess antigenic peptide were prepared at 4°C 1 day before use. Blots probed with antibody alone and with antibody preabsorbed with antigenic peptide were processed in parallel.
Immunohistochemistry
Pieces of monkey retina-RPE-choroid were fixed by immersion for 1 h in freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (PB) and then washed in chilled PB (3ϫ, 20 min). To cryoprotect before freezing, tissues were incubated in successive 1-h incubations in 5% and 10% sucrose solutions in PB, then in 20% sucrose in PB overnight at 4°C. Tissues were embedded in optimal cutting temperature embedding medium (Tissue-Tek; Sakura Finetek, Torrance, CA) and frozen in liquid nitrogen. Cryosections (10 or 20 m) were cut, collected on glass slides, dried at room temperature, and stored at Ϫ80°C until use. For immunofluorescence labeling, cryosections were blocked with phosphate-buffered saline (PBS) containing 10% normal goat serum, 1% BSA, and 0.3% Triton X-100 and then incubated overnight at 4°C in PBS containing primary antibodies (KCNQ1, 1:100 dilution; KCNQ4, 1:100 dilution; KCNQ5, 1:500 dilution; CD29, 1:100 dilution) plus 2% normal goat serum and 0.2% Triton X-100. Sections were washed eight times and incubated at room temperature in the dark for 1 h with two mixed secondary antibodies (Alexa Fluor488 goat anti-rabbit and Alexa Fluor555 goat anti-mouse) diluted in 0.2% Triton X-100 and 2% normal goat serum in PBS to a final dilution of 1:500. After being washed eight times in the dark, sections were covered in mounting medium (Gel Mount; Bio-Meda) and secured with a coverslip.
Specimens were analyzed on a scanning laser confocal microscope (Leica SP5, Mannheim, Germany). Digital images were collected at 16-bit resolution in 0.29-m z-sections and analyzed by image analysis software (Leica LAS AF). The confocal immunofluorescence images in Fig. 6 are three-dimensional projections generated from four to eight consecutive z-sections. Files were exported for additional processing by Photoshop CS2 (Adobe, San Jose, CA). In experiments testing antibody specificity by preabsorption with antigenic peptide, laser settings, photomultiplier tube gain, exposure time, and brightness and contrast settings were identical for both experimental and control images.
Electrophysiology
Enzymatically dissociated monkey RPE cells were plated on the bottom of a recording chamber that was constantly perfused with HEPES-buffered Ringer solution consisting of (in mM) 135 NaCl, 5 KCl, 10 Na 2HEPES, 10 glucose, 1.8 CaCl2, 1 MgCl2, pH 7.4 (290 mosM). Whole cell currents were recorded at room temperature from single RPE cells using the whole cell configuration of the patch-clamp technique as described previously (14) . Pipettes were filled with pipette solution containing (in mM) 30 KCl, 83 K-gluconate, 10 K 2HEPES, 5.5 K2EGTA, 0.5 CaCl2, 4 MgCl2, 4 mM K2ATP, 0.5 mM Data acquisition and analysis were carried out using pClamp 9 (Molecular Devices). Statistical analysis and curve fitting were performed using Excel (Microsoft) and SigmaPlot 10 (Systat Software, San Jose, CA). Tail current analysis was used to determine the M-type conductance, as described previously (43) .
RESULTS
M-Type Current in the RPE Cells Is Sensitive to Block by XE991
Previous studies on freshly isolated human and bovine RPE cells identified an outwardly rectifying K ϩ current with kinetic properties similar to those of M-type currents in excitable cells (14, 43) . To determine whether the M-type current in the RPE is mediated by KCNQ channels, we tested the effects of XE991, a blocker that is specific against KCNQ/K v 7 channels when used in the micromolar range (6, 30) . Figure 1 shows the effects of 3 M XE991 on whole cell currents in an isolated monkey RPE cell. Under control conditions (Fig. 1A, top) , membrane hyperpolarizations from a holding potential of Ϫ10 mV elicited current relaxations resulting from the deactivation of M-type channels and repolarizations to the holding potential produced characteristic tail currents reflecting channel activation (43) . Superfusion of the cell with 3 M XE991 eliminated the time-dependent current (Fig. 1A, middle) and outwardly rectifying current voltage relationship (Fig. 1B) , unmasking an inwardly rectifying K ϩ current (Kir) likely mediated by Kir7.1 channels (50) . Similar results were obtained in other cells; in three cells, 3 M XE991 blocked 93 Ϯ 2% (means Ϯ SE) of the M-type conductance and in four others, 10 M XE991 blocked the M-type conductance by 99 Ϯ 3%. These results provide strong evidence that KCNQ channels are the basis for the M-type current in the RPE.
KCNQ mRNA Expression in RPE and Neural Retina
As a first step toward determining the specific KCNQ subunit(s) that compose the M-type channel in the RPE, we performed conventional RT-PCR analysis using mRNA isolated from monkey RPE and KCNQ subunit-specific primers (Table 1) . Reactions using mRNA from neural retina served as positive controls. In monkey RPE, KCNQ1, KCNQ4, and KCNQ5 transcripts were detected, whereas in monkey retina, transcripts for all five KCNQ subunits were identified ( Fig. 2A) . Positive PCR fragments were sequenced, and a comparison of sequenced products with published human sequences confirmed their identities.
Alternative splicing of KCNQ genes contributes to diversity in K V 7 channel function and expression. There are two physiologically relevant splice variants of KCNQ1, a long isoform (KCNQ1_v1) that contributes to voltage-gated K ϩ channels underlying slowly inactivating current (I Ks ) in heart, and a shorter isoform (KCNQ1_v2) with a truncated NH 2 terminus that is nonconductive and dominant negative when coexpressed with KCNQ1_v1 (19) . Because KCNQ1 protein could not be detected in either the RPE or neural retina (see below), we did not investigate KCNQ1 transcripts in further detail.
Two splice variants have been reported for human KCNQ4 (4) and three splice variants have been reported for KCNQ5 (39) . Using splice variant-specific primers (Table 1) , PCR of monkey retina cDNA produced appropriately sized bands for KCNQ4 variants 1 and 2 (_v1 and _v2), whereas a single band corresponding to KCNQ4_v1 was produced from monkey RPE cDNA (Fig.  2B ). KCNQ5 has in the region coding for the COOH terminus a splice site that generates three variants that vary in size (39) . To clarify the expression of KCNQ5 splice variants in monkey retina and RPE, we designed a single primer set that spans this variable region. PCR of monkey retina cDNA produced two bands corresponding to KCNQ5_v1 and v2, whereas only a single band corresponding to KCNQ5_v2 was produced when monkey RPE cDNA was used as template (Fig. 2C) .
KCNQ Protein Expression in RPE and Neural Retina
To examine the expression of KCNQ1, KCNQ4, and KCNQ5 subunits in the RPE and neural retina at the protein level, we performed gel electrophoresis and Western blot analysis. In preliminary experiments using commercially available antibodies against KCNQ1, KCNQ4, and KCNQ5 (Table  2) , we were unable to detect any of these subunits in crude membrane proteins from RPE, indicating that, if present, they were a relatively small fraction of total membrane proteins or that the antibodies were not sensitive enough to detect KCNQ subunit proteins. Consequently, we performed subsequent Western blot analysis using plasma membrane proteins pooled from RPE sheets collected from 30 monkey eyes.
To evaluate the quality of the RPE plasma membrane protein sample, we performed Western blot analysis using anti-Na-KATPase ␣-subunit (50) and anti-CD29 antibodies (28) as markers of the apical and basolateral membranes, respectively. The anti-Na-K-ATPase and anti-CD29 antibodies labeled bands of the appropriate size (not shown), confirming that the sample contained both apical and basolateral membrane proteins.
KCNQ1. We used a goat polyclonal anti-KCNQ1 antibody (Santa Cruz C-20) that has been previously characterized and shown to label appropriately sized bands in various tissues and in mammalian cell lines transfected with human KCNQ1 (12, 37) . To determine the reactivity of the anti-KCNQ1 antibody in monkey, we tested it in Western blots of monkey heart plasma membrane protein and found that it labeled a single band of ϳ78 kDa (data not shown), the expected molecular mass of a KCNQ1 monomer. Preabsorption of the anti-KCNQ1 antibody with antigenic peptide reduced the degree of immunolabeling of the 78 kDa band, confirming the specific reactivity of the antibody with monkey KCNQ1. In blots of crude membrane proteins from monkey neural retina or plasma membrane proteins from monkey RPE, however, KCNQ1 protein was not detected (data not shown).
KCNQ4. We characterized a goat polyclonal antibody raised against the NH 2 terminus of human KCNQ4 (Santa Cruz N-20) in Western blots of whole cell lysates of CHO cells transfected with recombinant human KCNQ4 splice variant 1 (_v1) or 2 (_v2). The antibody labeled appropriately sized bands (ϳ77 kDa) in blots of lysates from both KCNQ4_v1-transfected (Fig. 3A, lane 2) and KCNQ4_v2-transfected cells (Fig. 3A, lane 3) , but failed to label Fig. 2 . KCNQ subunit mRNA expression in monkey neural retina and RPE. A: total RNA isolated from macaque neural retina (ret) and RPE was used in conjunction with KCNQ subunit-specific primers (Table 1) for RT-PCR analysis of KCNQ subunit transcript expression. Neural retina expresses all five KCNQ channels, whereas the RPE expresses KCNQ1, KCNQ4, and KCNQ5. B: KCNQ4 splice variant expression in monkey neural retina and RPE. Both KCNQ4_v1 and _v2 are expressed in neural retina, whereas only KCNQ4_v1 is expressed in the RPE. C: KCNQ5 splice variant expression in monkey neural retina and RPE. KCNQ5_v1 and v2 are expressed in the neural retina, whereas only KCNQ5_v2 is expressed in the RPE. All bands were sequenced to confirm their identities. a band in lysates from untransfected cell samples (Fig. 3A, lane 1) . Our results indicate that this KCNQ4 antibody can detect both human KCNQ4_v1 and _v2.
In neural retina, the anti-KCNQ4 antibody recognized a band of ϳ77 kDa and a broad smear between ϳ100 and 250 kDa (Fig. 3B) . The presence of the ϳ77 kDa band is consistent with the labeling of a KCNQ4 monomer, but the similar molecular masses of KCNQ4_v1 and _v2 (ϳ77 kDa and ϳ71 kDa, respectively) do not allow us to specify which splice variant is expressed. Preabsorption of the antibody with antigenic peptide reduced the labeling of the ϳ77 kDa (Fig. 3B) , indicating that the antibody recognized monkey KCNQ4 protein. It is clear that the higher molecular mass smear is not KCNQ4 because antigen preabsorption of the antibody did not decrease the band. The smear bands of 100 to 150 kDa may be caused by aggregation of KCNQ4 with other proteins or a KCNQ4 dimer since these bands were lightly eliminated by antigen preabsorption. In contrast, the anti-KCNQ4 antibody did not label any band in the RPE (Fig. 3C) . Similar results in neural retina and RPE were obtained using a goat polyclonal antibody raised against a polypeptide in the rat KCNQ4 COOH terminus (G-14, Santa Cruz Biotechnology; data not shown).
KCNQ5. We characterized a rabbit polyclonal anti-KCNQ5 antibody raised against the human KCNQ5 NH 2 terminus (PA1-94-1, ABR) in Western blot analysis using lysates from HEK 293T cells transfected with recombinant human KCNQ5_v1 and found that it labeled an appropriately sized band of ϳ100 kDa (Fig. 4A) . In blots of plasma membrane proteins from monkey skeletal muscle, where KCNQ5 expression has been documented (39), the anti-KCNQ5 antibody labeled ϳ50, ϳ75, and ϳ100 kDa bands (Fig. 4B, left lane) . Preabsorption of the antibody with antigenic peptide diminished or eliminated the 50 and 100 kDa bands (Fig. 4B, right  lane) , indicating reactivity of the antibody with monkey KCNQ5 protein. As the expected molecular mass of a KCNQ5 monomer is ϳ100 kDa, the ϳ50 kDa band is likely a protein degradation product. Figure 4C shows that the anti-KCNQ5 antibody also detected bands of ϳ100 kDa in neural retina and RPE. Another rabbit polyclonal antibody raised against the COOH terminus of human KCNQ5 (H-170, Santa Cruz Biotechnology) also labeled ϳ100 kDa bands in retina and RPE (results not shown), but the identification of these bands as KCNQ5 was not possible due to the lack of an antigenic peptide.
In summary, our results show that both KCNQ4 and KCNQ5 proteins are expressed in the monkey neural retina and that in the RPE, only KCNQ5 is expressed at a detectable level.
Localization of KCNQ5 Transcripts in Monkey Retina
To determine the cellular distribution of KCNQ5 in the retina, we performed in situ hybridization on frozen adult monkey retina sections using an antisense probe recognizing a 1,042-bp segment of the coding sequence. Figure 5 shows a differential interference contrast (DIC) photomicrograph of a monkey retina section hybridized with antisense probe. A strong hybridization signal was observed in the outer nuclear layer (ONL), which contains the cell bodies of rod and cone photoreceptors, in the inner nuclear layer (INL), which includes the cell bodies of bipolar, amacrine, horizontal, and Müller cells, and also in some of the cell bodies located in the ganglion cell layer (GCL; Fig. 5A ). Despite our detection of KCNQ5 in purified RPE sheets by RT-PCR (Fig. 2) , a hybrid- ization signal could not be seen in the RPE, perhaps because it was obscured by melanin. In situ hybridization with the complementary sense probe demonstrated no detectable signal (Fig. 5B) . Hence, KCNQ5 transcript appears to be present in most retinal neurons and the RPE as well.
Immunofluorescence Localization of KCNQ5 Protein in Monkey Retina
To localize KCNQ1, KCNQ4, and KCNQ5 proteins in RPE and neural retina, we performed confocal immunofluorescence microscopy on frozen sections of monkey retina using the anti-KCNQ antibodies that we characterized by Western blot analysis (Figs. 3 and 4) . Sections were double-labeled with antibodies against CD29, a member of the integrin family (␤ 1 -integrin), which has been localized to the RPE basolateral membrane as well as to retinal and choroidal blood vessels (28, 34) .
Neither the anti-KCNQ1 antibody (Santa Cruz C-20) nor the anti-KCNQ4 antibodies (N-20, G-14) labeled the neural retina, RPE, or choroid (not shown), indicating that the proteins were in low abundance or that these antibodies do not work in fixed monkey tissue. On the other hand, the anti-KCNQ5 antibody consistently immunolabeled structures in both the RPE and retina. Figure 6B shows KCNQ5 immunolabeling of puncta at the basal aspect of the RPE (block arrows) as well as strong immunolabeling of rod (indicated by the double asterisks) and cone photoreceptor (indicated by the single asterisk) inner segments. Diffuse KCNQ5 immunoreactivity was also observed in the inner (IPL) and outer (OPL) plexiform layers, in some cell bodies in the INL and GCL, and in occasionally in retinal blood vessels (not shown). Immunolabeling in both the RPE and neural retina was reduced or eliminated when the antibody was preabsorbed with antigenic peptide (Fig. 6C) . At higher magnification, diffuse as well as punctate immunoreactivity was observed near the RPE basal membrane (Fig. 6, E  and F) . The basal membrane also exhibited diffuse CD29 immunostaining (Fig. 6, E and F) , but, interestingly, KCNQ5 immunostaining appeared to lie on the cytoplasmic side of the CD29 signal, perhaps reflecting KCNQ5 expression in the basal infoldings (36) . A rabbit antibody against human KCNQ5 NH 2 terminus (a gift of A. Villarroel, Leioa, Spain) produced a similar staining pattern of rod and cone photoreceptor inner segments and RPE (data not shown).
DISCUSSION
Previous studies identified an M-type K ϩ current in mammalian RPE cells (14, 43, 47) . However, the subunit composition of the underlying channel has remained unknown. In the present study, we demonstrated that the M-type current in monkey RPE cells is inhibited by the specific KCNQ channel blocker XE991 and investigated the expression of KCNQ subunits in monkey RPE and neural retina at the mRNA and protein levels by molecular, biochemical, and immunohistochemical approaches. This is the first comprehensive survey of KCNQ expression in the Fig. 6 . Immunofluorescence localization of KCNQ5 protein in monkey retina. A and B: differential interference contrast (DIC, A) and confocal immunofluorescence image (B) of a monkey neural retina-RPE-choroid (CH) cryosection labeled with anti-KCNQ5 antibody (green). Anti-KCNQ5 antibody labeled the inner plexiform layer (IPL) and outer plexiform layer (OPL), cone (single asterisk), and rod (double asterisk) photoreceptor inner segments (IS), and punctate structures near the RPE basal membrane (block arrows). DAPI-labeled cell nuclei are shown in blue, as is Bruch's membrane, which exhibits autofluorescence in the blue emission channel. Scale bars, 50 m. C: specificity of anti-KCNQ5 antibody: confocal immunofluorescence image of a cryosection from the same tissue as that depicted in A and B, but processed with anti-KCNQ5 antibody preabsorbed with antigenic peptide. Immunofluorescence labeling in the neural and RPE was reduced or eliminated. Scale bar, 50 m. D-F: subcellular localization of KCNQ5 in the distal retina: DIC (D) and confocal immunofluorescence image (E) of a cryosectioned neural retina-RPE-choroid from a different monkey double-labeled with anti-KCNQ5 (green) and anti-CD29 (red) antibodies. DAPI-labeled cell nuclei are shown in blue. Single and double asterisks indicate the location of cone and rod photoreceptor inner segments, respectively, and solid arrows point to regions of punctate KCNQ5 staining. OS, outer segments. Scale bar, 25 m. F: inset indicated by the box in E showing KCNQ5 distribution in the RPE at higher magnification. KCNQ5 immunolabeling is present near the basal membrane (ba) above Bruch's membrane (Br, blue). Note that much of KCNQ5 does not colocalize with CD29 (red), perhaps reflecting its distribution in basal infoldings. Lipofuscin appears light purple. ap, Apical membrane. Scale bar, 5 m.
RPE or neural retina of any species. A major finding of this study is that KCNQ5 protein is expressed in primate RPE and neural retina and that it is localized near the RPE basal membrane as well as in cone and rod photoreceptor inner segments.
As a first step toward defining the expression of KCNQ channels in the retina, we performed RT-PCR analysis on monkey neural retina and isolated RPE sheets. This revealed the expression of KCNQ1-Q5 in the neural retina and KCNQ1, KCNQ4, and KCNQ5 transcripts in the RPE.
Six alternative splice variants of human KCNQ1 have been reported that differ depending on the use of exons in the 5=-end of the gene, but only splice variants 1 and 2 are thought to be physiologically relevant: KCNQ1_v1 coassembles with the ␤-subunit KCNE1 to form I Ks channels in the heart or with KCNE2 or KCNE3 to form constitutively active K ϩ channels that depend linearly on voltage in certain epithelia (40, 44) . KCNQ1_v2 lacks 127 amino acids in the NH 2 terminus, is nonconducting, and has dominant-negative effects on KCNQ1_v1 channels (19) . We did not determine which KCNQ1 splice variants are expressed in the RPE or neural retina, but this issue should be explored in future studies.
Using splice variant specific primers, we determined that the RPE expresses KCNQ4_v1 transcript alone, whereas the neural retina expresses both KCNQ4_v1 and _v2 transcripts. Human KCNQ4_v1 and _v2 are identical except that KCNQ4_v2 lacks exon 9, resulting in the deletion of 54 amino acids in a membrane proximal region of the COOH terminus. Although originally thought to have restricted expression in the central and peripheral auditory system (22, 23) , KCNQ4 is now known to have a wider tissue distribution: in mouse, mKCNQ4_v1 is expressed in a variety of tissues, whereas the mouse ortholog of hKCNQ4_v2 (mKCNQ4_v4) is found predominantly in excitable tissues, including the neural retina (4). Patch-clamp studies have shown that, compared with mKCNQ4_v1 channels, mKCNQ4_v4 channels activate at more negative voltages and are expressed at higher levels (48) . It is currently not known whether the human KCNQ4_v1 and _v2 also differ in terms of voltage sensitivity and surface expression.
We also investigated which of the three known splice variants of KCNQ5 are expressed in the RPE and neural retina using primers for KCNQ5 that span a splice site in the region coding for the COOH terminus. We found that the RPE expresses KCNQ5_v2 and that the neural retina expresses KCNQ5_v1 and _v2. Initial studies identifying KCNQ5 indicated that it is expressed mainly in brain and skeletal muscle (25, 39) . KCNQ5_v1, which encodes a protein 932 amino acids long, apparently is the only variant expressed in brain (39, 53) , whereas in skeletal muscle, KCNQ5_v2, which translates into a protein with a truncation of 9 amino acids in the vicinity of calmodulin and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) binding domains, and KCNQ5_v3, which contains 19 additional amino acids, are also expressed (53) .
We performed Western blot analysis of monkey RPE plasma membrane and retinal crude membrane proteins for the three KCNQ subunits that were detected in the RPE by RT-PCR. In the neural retina, we detected KCNQ4 and KCNQ5 proteins, but not KCNQ1, whereas in the RPE we detected only KCNQ5 protein. The failure to detect KCNQ1 protein in neural retina and RPE was not due to a lack of antibody reactivity with monkey protein because in Western blots of monkey heart protein the antibody stained a prominent band with a molecular mass consistent with a KCNQ1 monomer and because this immunolabeling was eliminated by preincubation of the antibody with antigenic peptide. We cannot exclude, however, the possibility that KCNQ1 protein is expressed in the neural retina and RPE at levels too low to be detected with the antibody we used. Likewise, the antibody against KCNQ4 recognized monkey KCNQ4 protein in Western blots, as it labeled an appropriately sized band in neural retina that was diminished after preabsorption with antigenic peptide; it failed, however, to reveal the presence of KCNQ4 protein in the RPE.
Our immunofluorescence studies on frozen sections of monkey retina also failed to reveal KCNQ1 or KCNQ4 protein expression in monkey neural retina or RPE, perhaps because the antibodies used do not recognize the epitopes in fixed monkey tissue. We conclude that KCNQ5 protein is expressed in monkey RPE and that KCNQ1 and KCNQ4, if expressed, are present at levels below detection. Additional studies investigating the expression of KCNQ1 and KCNQ4 in the RPE and neural retina are warranted.
In situ hybridization experiments to sections of monkey retina indicated the presence of KCNQ5 transcripts in the perinuclear regions of photoreceptors as well as some cell bodies in the inner nuclear layer and ganglion cell layer. KCNQ5 transcript expression in the RPE could not be determined by this method due to the presence of melanin, but our PCR results using cDNA from isolated RPE sheets established that KCNQ5 is expressed in this tissue.
Immunofluorescence experiments using antibodies against a peptide sequence in the human KCNQ5 COOH terminus revealed a more limited expression pattern for KCNQ5 protein in monkey retina. KCNQ5 immunoreactivity was prominent in rod and cone photoreceptor inner segments and was more weakly expressed in the inner and outer plexiform layers. In the RPE, diffuse KCNQ5 immunostaining was observed near the basal membrane. The staining pattern of KCNQ5 in the RPE was similar to but not identical to that of CD29 (Fig. 6F) , a marker of RPE basal membrane (28, 29) . CD29 staining appeared to be limited to a region adjacent to Bruch's membrane, whereas KCNQ5 immunoreactivity extended somewhat deeper into the cytoplasm. The reason for this difference is unclear, but it may reflect expression of the integrin at regions of contact between the RPE basal membrane and Bruch's membrane on the one hand and the distribution of KCNQ5 in the basal infoldings on the other. In addition to diffuse staining, the anti-KCNQ5 antibody immunolabeled punctuate structures near the RPE basal membrane. It is tempting to speculate that structures represent the aggregation of KCNQ5 channels in specialized membrane domains, but more detailed experiments are needed to test this idea.
Previously, we and others identified a sustained outward K ϩ current in acutely dissociated human and monkey RPE cells that is kinetically similar to the M-current (14, 47) . The M-type current in primate RPE has a half-maximal activation voltage (V 0.5 ) of Ϫ37 mV and is blocked by barium but is relatively insensitive to block by extracellular TEA (14) . In the present study, we found that low doses of the KCNQ/K v 7 channel blocker XE991 eliminated the M-type current in freshly isolated monkey RPE cells. Although this result provides strong evidence that the current is mediated by KCNQ channels, it does not indicate which subunits expressed in the RPE are involved, as XE991 exhibits minimal selectivity against chan-nels formed by various KCNQ subunits (30) . On the other hand, the voltage dependence and TEA insensitivity of the M-type current are inconsistent channels composed of KCNQ1 subunits (18) , but are compatible with homomeric KCNQ4_v1 and KCNQ5_v1 channels, which have V 0.5 values of Ϫ27 mV and Ϫ31 mV (26) , respectively, and low sensitivities to block by TEA (2) . KCNQ5_v2, the KCNQ5 variant expressed in the RPE, has biophysical and pharmacological properties similar to those of KCNQ5_v1 (53), and although its TEA sensitivity has not been determined, the truncation of nine amino acids in its COOH terminus is not likely to affect sensitivity to this blocker (2) . It has been suggested that KCNQ5v_2 may differ from other KCNQ5 splice variants in terms of its regulation by Ca-calmodulin or PIP 2 (53) , and it will be interesting to determine how KCNQ5_v2 channels and native M-type channels in the RPE are modulated by these signaling pathways. If KCNQ4 and KCNQ5 subunits are expressed in the same RPE cells, they may exist as KCNQ4/Q5 heteromeric channels, as studies have demonstrated that these subunits are capable of coassembling (2) . Future studies should investigate this possibility as well as the potential contributions to the channel(s) by ␤-subunits encoded by the KCNE gene family. Mutations in KCNQ1 and KCNQ4 genes underlie a number of inherited diseases in humans, including cardiac arrhythmia and nonsyndromal deafness (38) , but no disease has been linked to mutations of KCNQ5. Interestingly, no visual disorder has been linked to KCNQ1 or KCNQ4 mutations that cause channelopathies in other tissues. This suggests that if they are expressed, KCNQ1 and KCNQ4 subunits likely play minor or redundant roles in RPE and neural retina physiology.
The active transport of K ϩ across the RPE in the apical-tobasal direction plays an important role in the regulation of subretinal K ϩ concentration and solute-linked fluid absorption. K ϩ absorption across the RPE involves the influx of K ϩ across the apical membrane via the Na-K pump and Na-K-2Cl cotransporter and its efflux across the basolateral membrane via a K ϩ conductance (20, 31) composed of Ba 2ϩ -sensitive K ϩ channels (15, 21, 32) . Our findings that KCNQ5 is expressed in monkey RPE and is localized near the basal membrane suggest that KCNQ5 channels may contribute to the basolateral membrane K ϩ conductance. K ϩ channels in the RPE basolateral membrane have also been implicated in regulatory volume decrease (1). KCNQ4 (13) and KCNQ5 (16) channels are activated by increases in cell volume and thus may contribute to regulatory volume decrease in the RPE following cell swelling.
The activity of KCNQ channels is dependent on the levels of PIP 2 in the plasma membrane and the stimulation of certain G q/11 -coupled receptors leads to the inhibition of M-type and KCNQ channels via activation of phospholipase C and depletion of membrane PIP 2 . Although a number of G proteincoupled receptors have been identified in the RPE apical membrane, it is not known whether this class of receptor is located in the basal membrane where the hydrolysis of membrane PIP 2 secondary to their activation could potentially inhibit KCNQ5 channels.
An unexpected finding of this study was the strong KCNQ5 immunolabeling of cone and rod photoreceptor inner segments. This immunoreactivity appears to be specific for KCNQ5 because labeling was eliminated when the antibody was preabsorbed by antigenic peptide. Vertebrate rod photoreceptors express a sustained outwardly rectifying current called I Kx (3) , which serves to set the dark resting potential and accelerate the photoresponse to dim light. I Kx resembles the M-current kinetically (24) , leading to speculation that the underlying channel is composed of KCNQ subunits, but there is other evidence suggesting that the current is mediated at least in part by ether-a-go-go (EAG) channels (8) . Patch-clamp studies of macaque cone inner segments have identified outwardly rectifying K ϩ currents that were partially blocked by 20 mM extracellular TEA (49) . It remains to be determined whether KCNQ5 channels contribute to voltage-gated K ϩ currents in rod or cone inner segments or in retinal neurons.
